Abstract TLR9 is a cellular DNA-receptor, which is widely expressed in breast and other cancers. Although synthetic TLR9-ligands induce cancer cell invasion in vitro, the role of TLR9 in cancer pathophysiology has remained unclear. We show here that living cancer cells uptake DNA from chemotherapy-killed cancer cells. We discovered that such DNA induces TLR9-and cathepsinmediated invasion in living cancer cells. To study whether this phenomenon contributes to treatment responses, triplenegative, human MDA-MB-231 breast cancer cells stably expressing control, or TLR9 siRNA were inoculated orthotopically into nude mice. The mice were treated with vehicle or doxorubicin. The tumor groups exhibited equal decreases in size in response to doxorubicin. However, while the weights of vehicle-treated mice were similar, mice bearing control siRNA tumors became significantly more cachectic in response to doxorubicin, as compared with similarly treated mice bearing TLR9 siRNA tumors, suggesting a TLR9-mediated inflammation at the site of the tumor. In conclusion, our findings propose that DNA released from chemotherapy-killed cancer cells has significant influence on TLR9-mediated biological effects in living cancer cells. Through these mechanisms, tumor TLR9 expression may affect treatment responses to chemotherapy.
Introduction
Toll-like receptor-9 (TLR9) is an innate immune system effector and a cellular DNA-receptor that recognizes microbial and vertebrate DNA [1, 2] . Stimulation of TLR9
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induces a NF-jB-mediated rapid inflammation, characterized by increased expression of various interleukins and cytokines, and eventually, this inflammation results in the activation of the adaptive immune system and clearance of the invading pathogens [2] . A similar inflammatory response, mediated via TLRs, also takes place in sterile tissue damage [3] [4] [5] .
It is now clear that in addition to the cells of the immune system, TLR9 is also widely expressed in various cancer cell lines and in clinical cancer specimens, including breast, prostate, brain, gastric, and esophageal cancers [6] [7] [8] [9] [10] [11] [12] [13] [14] . In addition to inducing the expression of inflammatory cytokines in TLR9-expressing cancer cells, synthetic TLR9 ligands, which structurally mimic bacterial DNA, also induce invasion in various cancer cells in vitro. Such invasion is mediated through matrix metalloproteinase-13 (MMP-13) activation and downregulation of tissue inhibitor of matrix metalloproteinases-3 (TIMP-3) [6, 11, 12] . Despite this invasive effect, the significance of TLR9 in the pathophysiology of breast or any cancer has remained unclear. It is also not known what is the physiological TLR9-ligand for such invasion in cancer.
We demonstrated recently, that although widely expressed in all clinical subtypes of breast cancer, TLR9 expression has significant, prognostic significance only in triple-negative breast tumors that lack the expression of estrogen (ER), progesterone (PR), and HER2-receptors. More specifically, low tumor TLR9 expression upon diagnosis is associated with a significantly shortened disease-free-specific survival [7, 9] . Although we demonstrated that low TLR9-triple-negative breast cancer cells become highly invasive in hypoxic conditions, it is currently unclear whether this mechanism contributes to the poor survival of the breast cancer patients who have a similar disease.
The aim of this study was to investigate whether TLR9 expression affects treatment response to chemotherapeutic agents in triple-negative breast cancer cells. Furthermore, since host-derived DNA that is derived from dying cells has been shown to induce TLR9-mediated inflammation in living cells [5, 15] , we hypothesized that by analogy, DNA from dead cancer cells could serve as an endogenous TLR9-ligand in living cancer cells. LL-37 is a multifunctional, cathelicidin-class antimicrobial peptide, and the only known cathelicidin that is expressed in human tissues [16, 17] . It can transfer extracellular DNA into mammalian cells and it is also expressed in breast cancers [16, 18, 19] . Since LL-37 has been shown to promote DNA uptake and mediate endogenous DNA effects on TLR9 in non-cancerous cells, we also investigated the role of LL-37 in these processes in cancer cells [15, 16] .
Materials and methods

Chemicals
The ready-cast Matrigel invasion inserts were from BD Biosciences (Bedford, MA), the MMP-inhibitor GM6001 from Enzo Life Sciences (Farmingdale, NY), the MMP-9 and MMP-13 inhibitors and MMP-inhibitor III were from Calbiochem (EMD Millipore, Billerica, MA). The cathepsin K inhibitor I was bought from EMD Millipore (Billerica, MA). Doxorubicin, taxol, and cis-platinum were bought from Sigma (St. Louis, MO). LL-37 was bought from Anaspec (Fremont, CA).
Cell culture
The parental, human triple-negative MDA-MB-231 breast cancer, and human D54MG glioblastoma cells were cultured in Dulbecco's modified Eagle's medium (Gibco BRL, Life Technologies, Paisley, UK) supplemented with 10 % heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 IU/ml penicillin/streptomycin, and non-essential amino acids (all from Gibco BRL, Life Technologies). Human ER expressing (ER?) T47-D breast cancer cells were cultured in RPMI, supplemented with 20 % heatinactivated fetal bovine serum, 100 IU/ml penicillin/ streptomycin, 2 mM L-glutamine, and with 10 lg/ml insulin (Sigma, St. Louis, MO). The stable control siRNA and TLR9 siRNA MDA-MB-231, T47-D, and D54MG cells have been described in detail previously [9, 20] . The regular culture medium of these cells was supplemented with neomycin (G418, Invitrogen) [9, 20] . All cell cultures were done in incubators in a 37°C atmosphere of 5 % CO 2 /95 % air.
DNA isolation and complexing with LL-37
MDA-MB-231, T47-D, and D54MG cells were treated for 72 h with 10 -4 M doxorubicin in serum-free medium. For some experiments, DNA was isolated also from taxol-(10 -6 M, 7 days in serum-free medium) or cis-platinumtreated (10 -4 M, 7 days in normal growth medium) MDA-MB-231 cells. After these treatments, cell viability was analyzed with Trypan Blue, using the TC10 automated cell counter (Biorad). The supernatants were collected and combined with the trypsinized cells from the bottoms of the same flasks, spun down, and DNA was isolated from the pellets, using the QIAamp DNA blood mid kit (Qiagen). The DNA that was isolated from the doxorubicin-treated cells is referred to as dox DNA. Intact DNA was isolated with a similar method from corresponding, steady state, proliferating cells that were cultured in normal growth medium. Cell-specific dox DNA or intact DNAs were used in the experiments. DNA concentrations were measured with NanoDrop (Thermo Scientific, Wilmington, DE, USA). For the experiments where DNA was used in LL-37 complexes, DNA (1 lg) and LL-37 (10 lg) were first added to a sterile Eppendorf tube and kept at 37°C for *30-60 min, after which the formed complexes were added to the cells in the various assays.
DNA labeling and immunofluorescence detection of DNA uptake into MDA-MB-231 cells
The isolated DNAs were labeled with Alexa Fluor 488 using a Random Primers DNA labeling system and ARES TM DNA labeling kit (Invitrogen), according to the manufacturer's instructions. The reaction products were purified with PureLink TM PCR Purification Kit (Invitrogen). The labeled DNAs, alone or in LL-37 complexes, were then added to the cell culture medium of viable MDA-MB-231 cells growing on glass coverslips for 15 min. The cells were then fixed with 4 % paraformaldehyde for 10 min and permeabilized with 0.025 % saponin for 30 min at 4°C. Nonspecific antibody binding sites were blocked with 2 % BSA, 5 % goat serum, and 0.025 % saponin in PBS at RT and stained for TLR9, using a previously described protocol [6] . Detection of TLR9 was done with Alexa Fluor 555 (Invitrogen). Nuclei were stained with TO-PRO-3-3 iodide (Molecular probes). The samples were examined with LSM510 confocal microscope (Zeiss GmbH, Jena, Germany).
RNA isolation and quantitative RT-PCR
Control or TLR9 siRNA MDA-MB-231 cells were treated for 24 h with dox DNA or intact DNA, alone or in complex with LL-37 (1:10, w/w). Total RNA was then isolated from the cells using the Trizol reagent (Invitrogen) and purified with RNeasy mini kits (Qiagen). All TaqMan reagents for the qRT-PCR experiments were purchased from Applied Biosystems. cDNA was synthesized from 0.2 lg of total RNA, using Multiscribe reverse transcriptase and random hexamers. Quantification of TLR9 mRNA expression was done with a primer & probe set that was purchased from Applied Biosystems. For all qRT-PCR assays, a standard amplification program was used (1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 1 min). After normalization with RPLPO expression levels for each cDNA, a relative quantification of target cDNA was performed using 2 -Dct values.
Next generation RNA sequencing (RNA-seq) and data analysis RNA-seq was performed from three vehicle-treated and three dox DNA-treated (100 ng/ml, 24 h, in serum-free culture medium) MDA-MB-231 cell samples. . Pre-alignment was conducted to determine if trimming is needed based on reads quality score. The BAM files were generated following RNA-seq workflow of tophat [21] , cufflinks, and cuffcompare [22] . These BAM files were loaded into Partek Genomics Suite 6.6 (Saint Louis, MO) for further analysis. Briefly, the reads per kilobase of exon model per million mapped reads (RPKM)-normalized reads [23] were calculated and the expression levels of genes were estimated [23] [24] [25] . The differential expressions were determined by two-group Student's t test. A gene list was then created after false discovery rate (FDR) p value correction by Benjamini and Hochberg method. Further functional analysis was conducted by using Ingenuity Pathway Analysis (IPA, Redwood City, CA).
Zymograms
The cells were cultured on 12-well plates until confluent, after which they were rinsed with sterile PBS and further cultured for 24 h in serum-free media (500 lL per well), with or without the various DNAs (1 lg) or LL-37 (10 lg) alone, or in complex (DNA: LL-37, 1:10 w/w). After the supernatants were collected, they were concentrated with centrifugal filter device (Millipore, cut-off size 3 kDa, cat # UFC5-003-24). Same amount of protein (20-30 lg) was added per lane to the zymogram gels (10 % gelatin, Biorad). The gels were then run, renaturated, developed, and stained, using Biorad zymogram buffers, according to the manufacturer's recommendations. Proteomic analysis of the proteolytic bands in the zymograms was carried out as previously described [26] .
In vitro invasion assays
For the Matrigel invasion assays, the cells were plated at the density of 2 9 10 4 cells per upper well in 400 ll of 2 % FBS-containing culture medium. The various DNAs (1 lg), alone or in complex with LL-37 (10 lg), were added to the upper wells. When indicated, MMP-inhibitors (GM6001 or MMP-inhibitor III, 2-50 lM) or the cathepsin K inhibitor I (2-50 lM) were also added to both upper and lower wells, with the indicated concentrations. The cells were allowed to invade for 18 h, after which the inserts were removed and stained with the Hema 3 Stain set (Fisher Diagnostics, Middletown, PA), according to the manufacturer's recommendation. The number of invaded cells was counted from representative microscopic fields using a 409 objective [6, 11, 12] .
Cell viability assays
The cells were plated at the density of 10,000 cells/well in 96-well plates in 100 ll of normal culture medium, and cultured for 24 h with dox DNA/LL-37 (1:10, w/w) complexes or with vehicle. Cell viability was assessed after the MTS-reagent was added for the final 0.5 h of the experimental cultures as recommended by the manufacturer (CellTiter 96 AQ ueous Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI).
Animal studies
The MDA-MB-231 control or TLR9 siRNA cells (5 9 10 5 cells in 100 ll in PBS, n = 80, with 20 mice in each arm, data combined from two independent experiments), were inoculated into the mammary fat pads of 4-week-old, athymic nude mice (Athymic nude/nu Foxn1 mice, Harlan), as previously described [9] . Starting on day 2 after tumor cell inoculation, the mice were divided into vehicle and doxorubicin (5 mg/kg) treatment groups. The mice were treated for a total of four times (on day 2 and every 5 days after that), during the experiment, which was terminated on day 21 after the tumor cells were inoculated. Tumor diameters were measured throughout the experiment and tumor volumes were calculated using the formula V = (p/6) (d 1 
, where d 1 and d 2 are the perpendicular tumor diameters [27] . After 3 weeks, the mice were sacrificed and the tumors were dissected and measured. The mice were also weighed throughout the experiment. The animals were maintained under controlled pathogen-free environmental conditions. Animal welfare was monitored daily for clinical signs. The body composition of some mice in both doxorubicin-treated groups was analyzed after sacrifice with dual-energy X-ray absorptiometry, as previously described in detail [28] . The experimental procedures were reviewed and approved by the UAB Institutional Animal Care and Use Committee (IACUC).
Statistical analysis
The results are given as mean ± SD, unless otherwise stated. Student's t test or Mann-Whitney test was used to calculate statistically significant differences between the various study groups.
Results
Labeled DNAs, which were first isolated from steady state proliferating, MDA-MB-231 cells (intact DNA) or from cells that had been killed with doxorubicin (dox DNA, chemotherapy effects on cell viability are shown in Supplementary Fig. 1 ), were added to the cell culture medium of living MDA-MB-231 cells. Uptake of the labeled DNAs into the living MDA-MB-231 cells was visualized by confocal microscope. Both intact and dox DNAs were rapidly (within 15 min) taken up into the living cells (Fig. 1) . The cathelicidin peptide LL-37 has been shown to increase cellular DNA uptake [16] . Complexing with LL-37 was also required for TLR9-recognition of self-DNA in dendritic cells [15] . Since LL-37 is also expressed in breast and other cancers [18, 29] , we asked whether complexing with LL-37 affects DNA uptake also in cancer cells. Interestingly, LL-37 complexed DNA (both intact and dox) accumulated as large clusters with very restricted localization inside the cells. These clusters were shown to partially co-localize with TLR9 positive structures. In contrast, un-complexed DNA was more randomly distributed in vesicles that also co-localized with TLR9 (Fig. 1) . In conclusion, these results suggested that complexing with LL-37 indeed enhances cellular uptake of both intact and dox DNAs (Fig. 1) .
We have previously shown that synthetic TLR9-ligands (CpG-sequence containing oligonucleotides, such as ODN M362) induce TLR9-mediated invasion in cancer cells in vitro [6, 11, 12] . To investigate whether cancer cellderived DNAs affect cellular invasion, we added the DNAs, alone or complexed with LL-37, to various cancer cells in invasion assays. While LL-37, or DNA alone had no effects, dox DNA/LL-37 complexes (1:10, w/w) were demonstrated to induce a significant increase in invasion in parental MDA-MB-231 cells (Fig. 2a) . This invasion was not due to changes in cell numbers, as demonstrated by the lack of effect on cell viability by such complexes (Supplementary Fig. 2 ). Similar effects on invasion were also detected in parental human T47-D breast cancer and in D54MG glioblastoma cells (Fig. 2b) and also with DNA that was isolated from MDA-MB-231 cells that were first killed with taxol or cis-platinum (Fig. 2c) . To investigate the role of TLR9 in this response, the invasion assays were repeated with stable control siRNA or TLR9 siRNA cells. Dox DNA/LL-37 complexes-induced invasion in control siRNA cells, but not in TLR9 siRNA cells, thus suggesting that the pro-invasive effect was TLR9-mediated (Fig. 2d) .
ODN M362 (a synthetic TLR9-ligand) induces cell invasion that is mediated via TIMP-3 suppression and MMP-13 activation in cancer cells [6, 11, 12] . To investigate the role of TIMP-3 and MMPs in the pro-invasive effects of the cell-derived DNAs, we studied their effects on matrix metalloproteinase (MMP-2, MMP-9, and MMP-13) and TIMP-3 mRNA expression with qRT-PCR. While LL-37 or intact DNA alone or in complex with LL-37 had no effects, treatment with dox DNA alone induced a significant up-regulation of MMP-2, MMP-9, and MMP-13 mRNA expression in the control siRNA cells and significantly less so, also in the TLR9 siRNA cells. Complexing with LL-37 did not change dox DNA effects on MMP-2 and MMP-13 mRNAs in either cell line. However, complexing the dox DNA with LL-37 slightly suppressed MMP-9 mRNA expression, as compared with dox DNA alone in both control and TLR9 siRNA cells (Supplementary Fig. 3a-c) . Finally, while other treatments had no effect, dox DNA alone induced a significant reduction in TIMP-3 mRNA expression in both control and TLR9 siRNA cells at a similar level. This effect on TIMP-3 mRNA was significantly enhanced by complexing the dox DNA with LL-37 in the control siRNA cells, but not in TLR9 siRNA cells, (Supplementary Fig. 3d ). Taken together, these results suggested that while DNA from intact cells is inert in this regard, DNA from doxorubicin-killed cancer cells increases MMP-2, MMP-9, and MMP-13 mRNA expression through TLR9 in living cancer cells. Furthermore, the only pro-invasive effect that was enhanced by complexing dox DNA with LL-37 was the further decrease in TIMP-3 mRNA expression, and also that was TLR9-mediated. These results suggest that MMP activation may mediate the dox DNA/LL-37-induced Supplementary Fig. 4 , data shown only for the highest MMP-inhibitor III concentration). We then analyzed the proteolytic effects of the various DNA-treatments with zymography. Unlike previously detected with the synthetic TLR9-ligand ODN M362 [12, 30] , we did not detect an induction of MMP-13 activity or changes in MMP-2 or MMP-9 activity by the cell-derived DNAs. Both intact DNA and even more strongly, dox DNA-treatment, however, induced the formation of high molecular weight (*100 kDa) proteolytic band in the zymograms. This band was of a higher molecular weight than those the typical MMP-2 and MMP-9 bands detected on MDA-MB-231 zymograms [12, 30] . Such high molecular weight band was not induced by LL-37 alone, and its appearance was not obviously enhanced by complexing the DNAs with LL-37. Unlike the ODN M362-induced MMP-13 bands [12, 30] , these bands were unaffected when the zymograms were developed in the presence of MMP-9 inhibitor or a general MMP-inhibitor (GM6001). Similar bands were also observed after DNA-treatment of control siRNA MDA-MB-231 cells, but not in the TLR9 siRNA cells (Supplementary Fig. 5 ). Furthermore, a similar pattern of proteolytic bands was induced by supernatants of parental T47-D cells, or from control siRNA T47-D and control siRNA D54MG cells, but not by those of TLR9 siRNA T47-D or D54-MG cells, suggesting that their formation is TLR9-mediated ( Supplementary Fig. 6a, b) . To identify the protein responsible for the proteolysis, we analyzed the dox DNA/LL-37-induced high molecular weight band from the zymograms of D54MG cells with proteomics. No amino acid sequences corresponding with MMPs were discovered. Instead, the found amino acid sequences suggested the presence of cathepsins in the dox DNA/LL-37-induced proteolytic band (data not shown). Based on these findings, and also because cathepsin K has been shown to be important in TLR9-signaling [31] , we tested the effect of cathepsin K inhibitor I on the dox DNA/ LL-37-complex-induced invasion of parental MDA-MB-231 cells. In line with the proteomics findings, the dox DNA/LL-37-complex-induced invasion was completely blocked with 10 lM cathepsin K inhibitor I (Fig. 3) . This effect was achieved with inhibitor concentrations that did not affect cell viability (Supplementary Fig. 7 ). In conclusion, these results suggest that despite the invasion promoting effects on the MMP/TIMP-3 mRNAs, dox DNA/LL-37-complex-induced invasion is not MMP, but rather cathepsin-mediated in viable cancer cells.
We next investigated whether such DNA-induced invasion had a role in treatment responses. More specifically, since local tumor growth is the sum of proliferation and local invasion, we hypothesized that if invasion-inducing DNA structures are released upon chemotherapy-treatment and subsequently internalized by viable cells of the same tumor, then TLR9-expressing (control siRNA) tumors might shrink less in response to treatment. This is because, the described DNA-induced and TLR9-mediated local invasion could contribute to the local growth of such tumors. As a corollary, tumors with reduced TLR9 expression (TLR9 siRNA tumors), thus lacking this invasive mechanism, might respond better to treatment in vivo. To study this, the control and TLR9 siRNA MDA-MB-231 cells were inoculated into the mammary fat pads of nude mice. The mice were then divided into treatment groups and starting on day 2 after tumor cell inoculation, treated with doxorubicin (5 mg/kg) or with the same volume of vehicle. The mice were treated for a total of four times during the experiment. As expected based on our earlier studies, the TLR9 siRNA MDA-MB-231 cells grew into significantly larger orthotopic tumors than the control siRNA cells [9] . Doxorubicin-treatment induced a significant reduction in tumor sizes in both mouse groups, as compared with vehicle-treatment. Although the TLR9 siRNA tumors appeared to be shrink less than the control siRNA tumors, the difference was not statistically significant (Fig. 4a, b) . This effect was unexpected, since the TLR9 siRNA cells actually exhibited also increased in vitro sensitivity to doxorubicin (Supplementary Fig. 8 ). Although there were no weight differences between the vehicle-treated mice, the doxorubicin-treated control siRNA tumor-bearing mice lost significantly more weight than the corresponding doxorubicin-treated, TLR9 siRNA tumor-bearing mice (Fig. 4c, d) . The weight loss was mostly due to loss of lean tissue mass, suggesting tumor TLR9-mediated and inflammation-induced cachexia (Fig. 5) . Since an inflammatory reaction is a hallmark of TLR-activation, we hypothesized that the more pronounced weight loss in the control siRNA tumor-bearing mice might be caused by a vicious cycle, whereby DNA derived from dead cells induces TLR9-mediated release of cachexia-inducing cytokines from living cancer cells (Fig. 6) . We initially tested this hypothesis by adding 100 ng of dox DNA to the cell culture medium of parental MDA-MB-231 cells for 24 h and performing RNAseq analyses, to determine whether such treatment has any effects on the expression of inflammatory mediators. Several genes involved in inflammatory reactions were significantly affected by the dox DNA-treatment, suggesting that tumorderived DNA can indeed induce the expression of inflammatory proteins in surviving cancer cells (Supplementary Table I ).
Discussion
The innate immune system DNA-receptor TLR9 is widely expressed in various cancer types [13, 14, 32] . Despite the fact that synthetic TLR9-ligands and bacterial DNA induce invasion in various cancer cells in vitro [6, 11, 12, 33] , the role of TLR9 in cancer pathophysiology has remained unclear. Also, the prognostic significance of TLR9 in cancers appears to be bipartite. In some cancers, such as gliomas and esophageal adenocarcinomas, high tumor TLR9 expression has been associated with poor survival whereas in others, such as triple-negative breast cancer or renal cell carcinoma, low tumor TLR9 expression upon diagnosis predicts poor prognosis [9, 14, 32, 34] . In addition to the actual tumor cells, also the TLR9 expression status of tumor-associated fibroblast-like cells has been shown to be of prognostic value in breast cancer [35] . In this context, high TLR9 expression was associated with better prognosis [35] . Furthermore, although self-DNA has been shown to be TLR9-ligand in human diseases, such as psoriasis, rheumatoid arthritis, and SLE, there is no previous information on whether self-DNA could be a TLR9-ligand for cancer, and if so, what are the consequences of such a reaction [15, [36] [37] [38] .
We demonstrate here for the first time that self-DNA that is derived from chemotherapy-treated, dead cancer cells is rapidly taken up into surviving cancer cells, where it then serves as an invasion-inducing TLR9-ligand. Interestingly, in line with observations in psoriasis, complexing these DNAs with LL-37 enhances DNA uptake into living cells and is a requirement for the invasioninducing effects in cancer cells [15, 16] . Whether the LL-37 actually facilitates TLR9-recognition, or only acts as a carrier for the DNA needs to be characterized in further experiments. Such complex formation may, however, also be physiologically relevant as the expression of the multifunctional, antimicrobial peptide LL-37 has also been demonstrated in clinical breast cancer tissues [18, 19] . The fact that intact cell-derived DNA does not induce invasion suggests that upon cell death, specific DNA structures with biological activity are formed, possibly through the action of cell death-activated DNAses [39] . The structure of such DNAs requires further characterization, but the findings by Napirei et al. [40] suggest that they may be resistant to extracellular nucleases. Interestingly, doxorubicin as a DNA intercalating drug may induce the formation of such nuclease-resistant structures [41] . Our results suggest, however, that the formation of such pro-invasive DNA structures is not limited to doxorubicin alone, because also other chemotherapeutic drugs had similar effects. We further demonstrated that this invasion is mediated via cathepsins and surprisingly, not via MMPs, which are the mediators for CpG-sequence-containing oligonucleotideinduced invasion [6, 11, 12, 30] . Our findings thus suggest that the DNA-induced up-regulation of MMP mRNAs could be suppressed by specific miRNAs, but this too requires further investigation. Proteolytic cleavage by cathepsins has been shown to be a prerequisite for TLR9 signaling in cells of the immune system [42, 43] . Our new findings further suggest that in addition to facilitating TLR9 activation by nucleic acids, cathepsins may also mediate downstream effects of TLR9 activation. In principle, such DNA-induced and TLR9-mediated cancer cell invasion could represent a novel mechanism of treatment resistance. Our in vivo results, however, suggest that either such invasion-inducing DNA structures are not formed in response to treatment in vivo or that they are not important in this particular cancer model. Furthermore, it is likely that the doxorubicin concentrations in the in vivo tumors are much smaller than those used in the in vitro treatments [44, 45] . As a consequence, the in vivo and in vitro doxorubicin exposures may result in different forms of cell death and thereby, also different amounts and structures of DNA released from dying cancer cells. To clarify the in vivo significance of this finding, pre-clinical metastasis models should be used, as well as also cancer cells representing tumors in which high TLR9 expression has been associated with poor prognosis [14, 34] . Nevertheless, circulating DNA derived from dead cancer cells has been detected in the plasma samples of cancer patients. Such DNA has also been associated with poor prognosis in patients with metastatic disease [46, 47] .
Doxorubicin is a well-known inducer of cachexia, and similar observations were made also in the in vivo experiments performed here [48, 49] . Surprisingly, however, doxorubicin-induced cachexia was significantly dependent on the tumor TLR9-expression status. Several cytokines have been shown to mediate cachexia, including IL-8, TNF-a, and MIC-1 [50] [51] [52] [53] [54] . On the other hand, dying cells have been shown to release numerous biomolecules, including DNA, that may act as TLR-stimulating and inflammation-inducing endogenous danger signals to alert the innate immune system [55, 56] . We hypothesize that the tumor TLR9-dependent, treatment-induced weight loss is actually a surrogate marker for DNA-induced and TLR9-mediated inflammation that takes place at the site of the tumors. More specifically, we predict that the DNA fragments released from dead cancer cells to be taken up by surviving cells of the same tumors, in which TLR9-mediated recognition of the DNA results in inflammation. Although we predict that the TLR9-triggering molecule in this scenario is DNA fragments derived from dead cancer cells, the danger signal that first alerts the innate immune system requires specification in further experiments. This is because, in addition to DNA, also histone proteins and hemozoin have been shown to activate TLR9, and thus it is possible that also other parts of the dying cells contribute to the TLR9-mediated inflammation [4, 57] . Our RNA-seq results, however, lend support to the hypothesis that DNA from the doxorubicin-killed cancer cells is the mediator for the inflammation.
It has been shown that anthracyclin chemotherapeutics induce an immunogenic form of apoptotic cell death. In response to such immunogenic cell death, an adaptive immune response, which is capable of eradicating residual tumors, develops [55, 56] . Our results indirectly suggest that tumor TLR9 expression, at least in triple-negative breast cancer cells, is an important regulator of immunogenic response to cell death. The tumor TLR9-mediated inflammatory response at the tumor site may amplify antitumor immune response, eradicate microscopic disease and through this mechanism, translate into better treatment responses. This hypothesis is summarized in Fig. 6 . We predict that the lack of such immunogenic effect in tumors that have low TLR9 expression indeed contributes to the described poor disease-specific survival in triple-negative disease and these patients do not gain the immunogenic benefits from chemotherapy [9] . This hypothesis requires further testing in immune-competent pre-clinical cancer models, but if true, it would mean that low tumor TLR9 triple-negative breast cancer patients could benefit from adjuvant immunotherapy that is already approved and available for clinical use.
In conclusion, we show here that DNA fragments from dead cancer cells induce TLR9-and cathepsin-mediated invasion in surviving cancer cells. Furthermore, our results demonstrate that tumor TLR9 expression is an important determinant of cachexia after doxorubicin-treatment. These results imply that DNA fragments derived from dying cancer cells are biologically active and may contribute to treatment responses via tumor TLR9 expression.
